The ability to engineer nearly perfect ultrathin oxide layers, up to the limit of monolayer thickness, is a key issue for nanotechnological applications. Here we face the difficult and important case of ultrathin MgO films on Ag(100), for which no extended and well-ordered layers could thus far be produced in the monolayer limit. We demonstrate that their final morphology depends not only on the usual growth parameters (crystal temperature, metal flux, and oxygen partial pressure), but also on aftergrowth treatments controlling so far neglected thermodynamics constraints. We thus succeed in tuning the shape of the oxide films from irregular, nanometer-sized, monolayer-thick islands to slightly larger, perfectly squared, bilayer islands, to extended monolayers limited apparently only by substrate steps.
Oxide-based materials are often used for relevant technological applications in fields such as catalysis, corrosion protection, micro-and nanoelectronics, sensoristics, spintronics, drug delivery, etc. [1] . This justifies the great effort for a complete characterization of such materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . Ultrathin oxide films are of utmost importance, since they may show peculiar electronic and chemical properties different from those of the corresponding bulk materials and which are well known to depend on film structure and defectivity [1, 6, [10] [11] [12] . MgO, in particular, has become the focus of intensive research for its role as an interface material [13] , with applications, e.g., as a high k dielectric in electronic devices and in magnetic tunnel junctions [14] . Moreover, the simple cubic structure and the small distortion of the MgO layers grown on Mo(100) or Ag(100) make it an ideal model system for the study of electronic and catalytic properties of oxide films and oxide-supported metal nanoclusters [15, 16] .
In spite of intensive research, however, some very important issues are still unclear. In particular, no uniform, high quality MgO layers suitable to be exploited as substrates for the deposition of further materials (nanoclusters, admolecules, etc.) have been achieved thus far. In the ultrathin limit, the characteristics of MgO layers depend critically on growth parameters; e.g., the stoichiometry is related to O 2 partial pressure and Mg evaporation rate during reactive deposition [17] , while the morphology of the MgO islands is determined by the growth temperature (T g ) [18] . In their investigation of MgO ultrathin layers for 373 ≤ T g ≤ 673 K, Ouvrard et al. [18] conclude that the optimal growth condition on Ag(100) corresponds to T g ¼ 543 K. The balance between high mobility of Mg and/or MgO and low mobility of Ag atoms leads then to quite regular islands with average dimensions of ∼10 nm. However, Shin et al. [19] produced a 3 ML thick MgO=Agð100Þ film with more than 20 nm wide terraces and very regular borders at T g ¼ 773 K. Discrepancies are also present in the literature for preparations performed under nominally similar conditions. For 450 < T g < 500 K, for example, either nearly square islands with nonpolar borders (i.e., aligned along the Ag h001i direction) [20] or polar borders (h01 − 1i direction) [21, 22] were reported.
Our previous investigation of ultrathin MgO films, grown according to the preparation method of ref. [23] , showed a characteristic dependence of the Fuchs-Kliever mode frequency on film thickness [24] and an enhanced reactivity towards hydroxylation of monolayers with respect to multilayers [25, 26] . However, our x-ray photoemission spectroscopy (XPS) results were not fully compatible with those of ref. [23] and STM inspection revealed that the film structure consists of irregular islands with borders preferentially oriented along h001i (see ref. [17] and Fig. 1a ). Another open issue concerns the height of MgO islands, a quantity only rarely stated explicitly. Some studies report island profiles and effective MgO coverage compatible with a single MgO layer [20] , others with bilayers [18, 21] .
In this Letter we characterize submonolayer MgO films grown by reactive deposition on Ag(100) using different preparation protocols and considering, for the first time, post-deposition treatments. The morphology of the films is analyzed by STM, while their chemical composition is determined by XPS. The analysis of vibrational modes, performed with HREELS, also provides information on the film structure [24] . In addition to the already established influence of T g on growth mode [18] , we find an unexpected dependence of the film morphology on the cooling process after deposition. This parameter is indeed the key issue leading to very uniform layers. Surprisingly, it has been disregarded so far, in spite of its poor reproducibility due to the strong dependence on the design of the experimental setup.
Experiments were performed in the two ultrahigh vacuum chambers described in the Supplemental Material [27] and equipped for STM and for HREELS and XPS analysis, respectively. In both setups the sample temperature can be varied from T ¼ 90 K to T ¼ 900 K. Very close cooling rates were set for STM and XPS experiments (see Supplemental Material [27] ) to allow for a fair comparison of the data. MgO films of 0.7 ML nominal thickness were grown by reactive deposition at T g ¼ 773 K and T g ¼ 450 K on a Ag(100) single crystal (see Supplemental Material [27] ).
STM images were acquired at T ¼ 77 K, in constant current mode and with typical tunnelling currents I ¼ 0.2 nA and bias voltage applied to the sample −4.0 < V < þ4.0 V. STM analysis is performed with WSXM software [28] .
HREEL spectra were recorded in-specular, at an angle of incidence of the impinging electrons of 62°, with a primary electron energy E e ¼ 4.0 eV and with typical resolution of 4.0 meV. The spectra are normalized to the Wallis mode intensity, weakly dependent on surface preparation. XPS spectra were recorded at normal emission, using the Al kα excitation source. The binding energy is calibrated fixing the Ag3d 5=2 line at E b ¼ 368.25 eV [26, 29] . Spectra are normalized to the secondary electron background and fitted with a Gaussian-Lorentz curve and a Shirley background (see Supplemental Material [27] ). A relative error of AE5% is estimated for each fit. Figure 1 reports STM images of three MgO films grown following different protocols. Two different bias voltages are shown for each preparation: V ≥ 3.0 V corresponds to tunnelling into the conduction band of MgO, thus reaching topographic imaging; on the contrary, V ¼ 1.0 V, i.e., tunneling through the MgO band gap, allows better imaging of the details of island borders. For film (a) we adopted the preparation method of Refs. [17, 23, 25, 30] : after flashing the crystal to 720 K, we grew the film at T g ¼ 450 K. The sample was then abruptly cooled below 200 K and inserted into the STM (fast cooling procedure (FC), see Supplemental Material [27] ). In preparation (b) we annealed the clean Ag(100) crystal to 850 K to increase surface order and raised the growth temperature up to T g ¼ 773 K. The film was eventually rapidly cooled to T < 200 K for STM analysis. Finally, film (c) was obtained with T g ¼ 773 K and slowly cooling (SC) the sample to 250 K before quenching it to T < 200 K. The SC procedure requires more than 40 min, instead of the 5 min typical of FC. The different growth protocols lead to films of very different morphologies. Preparation (a) generates MgO islands with irregular borders and average linear dimensions of a few nanometers. Protocol (b) produces cubic islands with h001i borders and slightly larger average dimensions. The effect of the increased growth temperature is thus readily identified with an enhanced regularity of the islands shape and a reduced defectivity of their borders. The apparent height of the MgO islands in (a) and (b) (top and bottom) shows a strong bias dependence due to the insulating nature of the oxide. At low bias voltage (top row), the islands show well-defined borders and the presence of an internal structure. Under topographic conditions (V ≥ 3.0 V) the height of the islands is compatible with a single and a double MgO layer for preparations (a) and (b), respectively [ Fig. 1(e) ]. This is coherent with both the different island density corresponding to the same nominal coverage observed in panels (a) and (b) and the contrasting results in the literature. Indeed, in Ref. [18] it is reported that a maximum of 53% of the Ag (100) surface is covered by MgO islands at a nominal MgO coverage of 1 ML, while Schintke et al. [20] show island heights of 2.1 Å, i.e. 1 ML.
The film morphology obtained in preparation (c) is dramatically different from the previous ones, since it shows very large MgO(100) terraces, extending over tens of nanometers and separated by monoatomic steps [see Figs. 1(e) and S2 in the Supplemental Material [27] ). Scanning tunnelling spectroscopy (STS) analysis of film (c) (Fig. 2) evidences the gap around the Fermi level and confirms the insulating nature of the surface. This result is related to the combination of high T g and SC. The cooling rate, therefore, plays a pivotal, and so far neglected, role in determining the final product, passing from the equilibrium condition at high T (bilayer) to the formation of extended monolayer islands that maximize the Ag=MgO interface area.
The 0.7 ML MgO films of Fig. 1 were further characterized by integrated spectroscopies. Figure 3 shows the O1s and Mg1s core level spectra of films grown at T g ¼ 450 and 773 K and subject to FC and SC procedures. Spectra marked as (a)-(c) correspond to films (a)-(c) of Fig. 1 , respectively. Different preparation methods lead to different spectroscopic signatures. In particular, both E b (O1s) and E b (Mg1s) are significantly up-shifted for bilayer islands (T g ¼ 773 K and FC). In all other cases, E b ðO1sÞ < 530 eV and E b ðMg1sÞ ≤ 1303.5 eV. This is in agreement with previous literature [9, 31] and is justified by the different number of nearest neighbors of atoms in monolayer and bilayer films. Hence, the combination of photoemission and STM data demonstrates that the O1s and Mg1s binding energies and the surface morphology are correlated. Best fits of the XPS intensities (see Supplemental Material [27] ) further support this conclusion. The areas of the Mg1s photoemission peaks reported in Fig. 3 (see Table I , column 2), proportional to the relative amount of MgO on the surface, are all compatible with each other, the smallest value (preparation at T g ¼ 450 K and SC) being 70% of the largest one (T g ¼ 450 K and FC). Analysis of the O1s signal (Table I, column 3), which is generally less reliable being possibly affected by the aging processes and/or by a small water=OH contamination, leads to similar results. We conclude, therefore, that a comparable MgO coverage is present on the Ag(100) surface following the different preparation protocols. This is a further, independent proof that the extended terraces of Fig. 1(c) are indeed MgO monolayers. Table I , column 4 reports the stoichiometry of the MgO films, calculated from the ratio of the O1s and Mg1s areas taking into account the different ionization cross sections [32] and the analyzer transmission function [33] . The films grown at T g ¼ 450 K show a nearly unitary stoichiometry. The others have some extra oxygen, which must, therefore, accumulate in the Ag(100) subsurface region [34] and/or at the MgO=Agð100Þ interface, possibly forming an Fig. 1 with the same labels. Traces were scaled on the secondary electron background of the bottom spectrum and then rigidly up-shifted for a better visualization. AgO x -like compound (x < 1). This process is favored at higher T g . Incorporation of Mg atoms at the buried MgO=Agð100Þ interface was recently observed upon additional exposure of the film to Mg flux [13] . Such Mg atoms are responsible for changes in the work function and in the density of states of the oxide. In the present case the main effect of interface O, bigger than Mg and with opposite charge, is probably to expand the substrate lattice and reduce the mismatch between oxide and substrate. Figure 4 shows the HREEL analysis performed on the same 0.7 ML MgO films of Fig. 3 . The bottom spectra refer to films grown at 450 K and subject to the FC (green trace) or SC (red trace) process; top spectra are recorded after producing the films at T g ¼ 773 K (blue trace, FC; purple trace, SC). The spectra are characterized by three intense losses between 50 and 85 meV [(best resolved in the greendashed spectrum corresponding to preparation (a)].
(1) The 53 meV vibration is intense in preparation (a) (T g ¼ 450 K and FC), significantly reduced for T g ¼ 450 K and SC, and almost absent for films grown at higher T g . In Ref. [24] it was identified with the microscopic vibration of oxygen atoms at the edges of MgO islands and in contact with the Ag substrate. Here we substantiate this assignment, since comparison with the STM images of Fig. 1 indicates that film (a) corresponds to the conditions in which the fraction of border MgO groups in contact with the metal substrate is maximum.
(2) The loss at 64-65 meV is ascribed to the Wallis mode, i.e., the perpendicular motion of oxygen atoms at the topmost layer, by comparison with previous results on MgO bulk [35] and thin films [24, 36] . The loss up-shifts by 1 meV when passing from monolayer to bilayer islands [24] , as observed also for MnO=Ptð111Þ [37] . (3) The assignment of the high-energy mode is more delicate, since the macroscopic Fuchs-Kliever mode (i.e., the counterphase vibration of O and Mg sublattices) should be present only for multilayer islands [24, 37] . The 82 meV energy loss recorded for film (b) and the weak intensity at this energy in the T g ¼ 450 K and SC spectrum fit perfectly with theory [24] . The losses at 75 meV [film (a)] and at 81 meV [film (c)], on the contrary, must have a different nature. The latter is observed for a superstoichiometric film. One possibility is, therefore, that the additional oxygen atoms at the interface simulate an incomplete second layer and generate a Fuchs-Kliever-like motion of slightly lower energy and reduced intensity. The mode at 75 meV is intense only for the irregular islands of film (a). In Ref. [24] a mode was observed around 71 meV. We suggest, therefore, that modes exist in the 70-75 meV range, the exact frequency depending on the different local environments within the island.
The morphology of MgO films thus depends not only on growth parameters but also on the cooling rate after growth. This result can be rationalized considering that the surface energy of MgO(100) and of Ag (100) [39] , respectively. Since the relative difference is <5%, we expect the entropic term to determine the growth mode, provided that the deposition rate is low and the diffusion rate high enough to get rid of kinetic effects. When the temperature of the film is rapidly quenched from 773 K to T < 450 K, the morphology observed is the one thermodynamically favored at T g ¼ 773 K. On the other hand, when the entropic term is negligible, thermodynamics favors complete substrate wetting, i.e., layer-by-layer growth (Frank-Van der Merve). Therefore, it is reasonable that bilayers are observed for T g ¼ 773 K and FC, because then we expect a significant amount of 3D growth under equilibrium conditions (Volmer-Weber growth). On the contrary, if the system has time to relax, the bilayers evolve into single layers while cooling down. Therefore, for T g ¼ 450 K monolayer islands form and for T g ¼ 773 K and SC nearly perfect MgO monolayers are observed. SC is essential in this respect to ensure that the required mobility is present sufficiently long to allow the transition from bilayer to monolayer to be completed.
In conclusion, we demonstrate that different growth protocols, including both deposition conditions and the 
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. HREEL spectra of the 0.7 ML MgO films grown following the different protocols described in the text. Bottom spectra, T g ¼ 450 K; top spectra, T g ¼ 773 K (up-shifted for sake of clarity).
so far neglected after-growth treatments, lead to very different morphologies of oxide films. The combination of these parameters can be relevant not only for the production of oxide thin films but also for many other layered systems. Since the film structure influences both chemical and electronic properties [1, 10, 12] of the layers, a full control of all experimental parameters opens important perspectives for applications in catalysis and for the use of ultrathin oxide films as support for the further deposition of organic and inorganic nano-objects.
